Photoactive molecular architectures have recently attracted intensive research interests in Chemistry and Nanoscience because of their potential to achieve extraordinary optoelectronic properties.
For example, in natural photosynthesis, sophisticated pigment-protein complexes are responsible for absorbing light energy and transferring the excitation energy across tens of nanometers to the reaction center with near unity quantum efficiency. [1] [2] [3] [4] [5] Inspired by these remarkable natural assemblies, artificial molecular systems have been synthesized to significantly improve the energytransfer performance of organic materials. 6, 7 Despite recent advances, the rational design of such photoactive molecular materials is still very much under development, because a fundamental understanding of the structure-function relationships regarding excitation energy transfer (EET) and charge transfer dynamics in these complex molecular systems in the condensed phase is still lacking.
Recently, quantum-beat-like phenomena observed in the two-dimensional electronic spectra of photosynthetic complexes [8] [9] [10] have inspired numerous research interests to understand the roles of quantum coherence in natural photosynthesis. [11] [12] [13] [14] [15] [16] While the significance of coherent electronic dynamics in photosynthesis is still under debate, 15, [17] [18] [19] it is clear that quantum effects are important and recent works have provided much insights into the quantum mechanical control of energy transport, 11, 13, 14, 16, [19] [20] [21] [22] including the significance of initial preparation. 23, 24 We believe now it is the time to go beyond detection and to confront the more relevant question in real-world applications: how to utilize electronic quantum coherence to build a more efficient EET network?
Before we go on to discuss coherence effects in EET, we believe a more precise definition of coherence in excitonic systems is necessary. The term "coherence" generally refers to non-zero off-diagonal elements of the density matrix describing a quantum system. Since the values of a density matrix are basis-dependent, quantum coherence in EET phenomena could refer to different concepts. 3, 15 In the site basis, in which electronic excitations localized on individual chromophores are used as the basis states, coherence represents coherent delocalization of excited states. In contrast, in the exciton basis, which are delocalized eigenstates of the electronic Hamiltonian, coherence represents superposition of eigenstates, hence a non-stationary state that evolves coherently under the electronic Hamiltonian. It is clear that exciton delocalization plays an important role in the efficient harvesting of light energy in natural photosynthesis, 4, 25, 26 however, its connection to geometrical factors and EET efficiency have not been fully investigated. Therefore, in this work we focus on the discussion of mechanisms related to exploiting exciton delocalization for efficient EET.
Regarding the design of efficient EET materials, the spatial arrangements of chromophores clearly are important variables. However, studies on the relationship between the spatial arrangement and EET efficiency in light harvesting have been sporadic. Schulten and coworkers have emphasized the importance of quantum coherence due to spatial closeness in affecting the spectral properties and functions of bacterial light-harvesting apparatus. 25, 27 Sun and coworkers demonstrated that dimerization of bacteriochlorophylls in the ring-like light-harvesting complexes from purple bacteria leads to an enhanced efficiency for EET because of the symmetry properties of the eigenstates. 28 Furthermore, Buchleitner and coworkers studied EET efficiency of random networks of particles using a model with isotropic interactions and phenomenological incoherent hopping rates to discover properties of optimal EET networks. 29, 30 Recently, Scholes and coworkers have investigated mechanisms for efficient EET between long-distance pairs of pigments in photosynthetic complexes from marine cryptophytes. 9, 31 These works have provided much insights into the remarkable efficiency of natural light-harvesting systems, however, we still do not possess clear structural design principles for efficient EET systems.
Natural photosynthetic complexes often exhibit clusters of chromophores with strong electronic couplings between the cluster members, 2 and it has been proposed that these elements play important roles in the remarkable efficiency of natural light harvesting. 15, 32 However, the mechanisms responsible for the efficiency enhancement (if there is any) in a clustered network and the role of electronic coherence in the process remain unclear. In this work, we aim to discover spatial arrangements of chromophores that can be used to exploit quantum coherence for efficient light harvesting. To this end we investigate a simple linear network of four chromophores. Because of the simplicity, it allows us to directly elucidate geometrical factors and quantum coherence effects for the optimization of EET efficiency. We show that when exciton delocalization is considered, the spatial arrangement of the sites leading to optimal EET efficiency is different from what is predicted by a classical theory. As a result we reveal new geometrical factors to improve EET efficiency and molecular design via exciton delocalization. In addition, we argue that (1) an energy gradient towards the target site and (2) clustered arrangements of sites that utilize exciton delocalization to tune excitation energies and open up efficient EET pathways could be considered as two major factors in building an efficient EET system. Moreover, we show that these two principles can be applied to explain the design of the electronic Hamiltonian of the well-studied Fenna-Matthews-Olson (FMO) complex from green sulfur bacteria. In other words, instead of showing that the EET in FMO is efficient, we show how FMO is designed to have efficient EET.
In this work, we focus on electronic quantum coherence induced by coherent excitonic couplings between chromophores (sites). 3, 14, 17, 26 It is interesting to note that there are emerging evidences that vibrational coherence could also play a significant role in photosynthesis. [33] [34] [35] [36] Recently, Plenio and coworkers have proposed a vibrational spectral tuning principle for efficient EET. 34 Since their focus is on the design of environments (bath) while our focus is on the system's spatial arrangements of chromophores, we believe our discovery is complementary to their findings. The combined results might lead to a full set of applicable rules for the molecular design of the environments (phonons) as well as the system for efficient EET materials.
We consider a model system with four chromophores in a linear geometry as depicted in Scheme 1(a). The four sites consist of a pair of donors and a pair of acceptors determined by their relative site energies. Since it is well known that a moderate energy gradient towards the energy sink contributes significantly in natural light-harvesting systems, 4 we choose to consider a case in which the two donor sites are higher in energy than the two acceptor sites. Therefore, the linear chain is effectively an energy wire that passes energy from one end to the other. To investigate the geometrical factors in EET, we fix the end-to-end distance of the system (R) and vary the intra-pair distance between the two donor (acceptor) sites (r). In addition, we consider orientational dependence (θ ) to take into account the dipole orientation effects. This four-site linear model, albeit a significant oversimplification, is not only one of the simplest EET systems that can exhibit electronic coherence effects but also a faithful representation of highly-ordered molecular arrays in several synthetic systems. 6, 7 By studying such a simplified model instead of a natural photosynthetic complex, we aim to clearly identify key geometrical factors contributing to efficient EET. We model the four-site linear system using a Frenkel exciton Hamiltonian: 3,37
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where | j describes the state with single excitation in the jth site, ε j denotes the site energy of | j , and the excitonic coupling J i j is described by dipole-dipole interactions:
where r i j = r i jri j is the displacement vector from site i to site j, µ i is the transition dipole of site i, and ε 0 is the vacuum permittivity. In our numerical simulations, we use the following parameters:
r = 6Å to 14Å, and T = 300K. To describe system-bath couplings, we consider independent harmonic baths coupled diagonally to the system described by Ohmic spectral density functions, as are normally used in the literatures for photosynthetic complexes (more details about our model system and parameters are described in Appendix I in the Supporting Information). Here we remark that all the parameters chosen in this study are in accordance with those in natural photosynthetic systems at the ambient condition. Therefore, this model provides a realistic representation to shed light on the physical factors promoting efficient EET in photosynthetic systems. Note that we have also examined models with different site energies and intermolecular distances, and the results are only marginally different and do not affect the conclusions of this work.
Accurate simulations of the EET dynamics for the model system turn out to be a great challenge because of the broad parameter range spanned by varying r and θ . By changing r and θ , the inter-site couplings (J i j s) vary significantly, effectively turning the system from the strong electronic coupling to weak electronic coupling limits. Among methods for EET dynamics accurate in a broad parameter range, the modified-Redfield theory 38, 39 yields reliable population dynamics of excitonic systems and has been successfully applied to describe spectra and population dynamics in many photosynthetic complexes. 37, [40] [41] [42] [43] Following the main idea of the modified-Redfield theory, we consider the problem in the exciton basis and include the diagonal part of the exciton-bath interaction operator into the zero-th order Hamiltonian, while treating only the off-diagonal part of the exciton-bath interaction operator as the perturbation. We than derive the equations of motion for the full reduced density matrix of the excitonic system based on perturbative cumulant expansion up to the second order and the secular approximation to generalize the modified-Redfield theory to treat time evolutions of off-diagonal terms in a density matrix, 44 providing a new theoretical approach for accurate descriptions of coherent EET dynamics. We thus apply this coherent modified-Redfield theory (CMRT) to simulate the EET dynamics in this work. Note that although more accurate nonperturbative methods are available, [45] [46] [47] they are not applicable in this case due to the need for numerical efficiency.
Incorporating the time evolution for the off-diagonal terms of the reduced density matrix in addition to dynamics of diagonal terms governed by the modified Redfield theory, the CMRT method provides a generalized quantum master equation (QME) for the reduced density matrix of an excitonic system in the exciton basis:
where ρ(t) is the density matrix with matrix element ρ kk ′ = ε k | ρ |ε k ′ , |ε k is the kth eigen state of the electronic Hamiltonian H S , and ε ′ k is the eigen energy of |ε k shifted by a reorganization energy due to the system-bath coupling. The expressions for time-dependent dissipation rates (R dis kk ′ (t)) and pure-dephasing rates (R pd kk ′ (t)) are given in Appendix II in the Supporting Information. The CMRT has clear physical interpretation for each terms. The three terms describe the coherent dynamics, the population dynamics, and the dephasing processes due to pure dephasing and populationtransfer induced decoherence, respectively. In addition, since we consider time-dependent rates, the CMRT QME is non-Markovian.
Furthermore, an efficient numerical simulation scheme is required as we need to calculate longtime dynamics of the four-site model with many different r and θ in order to evaluate geometrical effects in the efficiency of light harvesting. To this end we have adopted a non-Markovian quantum trajectory (NMQT) method 48, 49 to provide efficient simulations of the CMRT dynamics. Specifically, direct propagation of the CMRT QME for a system with M sites requires solving M 2 ordinary differential equations, whereas the NMQT method enables more efficient simulations of EET dynamics by unraveling the non-Markovian QME into M stochastic Schrödinger equations. Details on the unraveling of the CMRT QME and numerical algorithms for time propagation are given in Appendix III in the Supporting Information. Since the accuracy of the modified-Redfield theory is well validated for biased-energy systems, 37 the combined CMRT-NMQT approach provides an accurate and numerically efficient means to calculate coherent EET dynamics for general multilevel excitonic systems. Moreover, we have found that the NMQT simulation of the CMRT QME delivers additional numerical stability that is required to provide information about long-time EET dynamics governing the efficiency of EET.
We applied the combined CMRT-NMQT approach to investigate EET dynamics in the four-site model. To mimic the function of the system as a wire transferring energy from site 1 to site 4, we assume site 1 is initially excited in all our calculations. In Fig. 1 we present calculated site population dynamics for the four-site model in three geometries with different intra-pair distances. Figure   1 (a) shows the EET dynamics of a system with equally-spaced sites, i.e., r = 13.4Å. In this case the excitation energy moves coherently between sites 1 and 2 in ∼ 300 fs and then is transferred from the donor to the acceptor in ∼ 4 ps timescale. Clearly, the combination of coherent energy relaxation within the donor pair and incoherent EET from the donor pair to the acceptor pair governs the whole EET process. Notably, this feature also appears in a broad range of models for natural light-harvesting systems. 4, 15 Furthermore, we note that the combined CMRT-NMQT approach allows us to efficiently capture both the coherent dynamics at short times and the population decay at long times, while the original modified-Redfield approach ignores the coherent dynamics and as a result it can not be applied to describe the dynamics investigated here. Figure 1(b) shows the EET dynamics of the four-site model with a reduced intra-pair distance (r = 11.4Å). Compared to Fig. 1(a) , EET from donor to acceptor in this dimerized geometry is significantly more rapid (∼ 2 ps). This result shows that the EET dynamics are sensitive to the geometry of the system, and the equally-spaced geometry ( Fig. 1(a) ) does not necessarily offer the best EET efficiency. Moreover, as the intra-pair distance r is further decreased to a smaller value (r = 8Å, Fig. 1(c) ), the EET becomes extremely slow (∼ 7 ns). Despite this, the oscillations in the short-time regime remain significant and even more pronounced due to stronger intra-pair electronic coupling strengths. The results presented in Fig. 1 indicate that an optimal geometry for EET exists, and the efficiency of EET is closely related to quantum coherence but not always positively correlated with the coherent evolution.
To quantify the efficiency of energy transfer across the four-site model system, we study the population at site 4 as a function of time, P 4 (t). As shown in Fig. 1 , P 4 (t) generally exhibits a double-exponential behavior, with a rapid but minor rise and a major long-time exponential growth.
Therefore, we fit P 4 (t) to a double-exponential growth model and take the major rise component to define an effective end-to-end transfer rate R eff (see Appendix IV in the Supporting Information).
For the geometries studied in Fig. 1 , the effective transfer times τ eff = 1/R eff obtained by fitting to P 4 (t) are respectively: (a) τ eff = 3.4ps, (b) τ eff = 2.4ps, and (c) τ eff = 6.9ns.
In order to further investigate the relation between the EET efficiency and spatial arrangement of the sites, we simulate the EET dynamics of the four-site model for a broad range of intra-pair distance r and dipole orientation θ to obtain the effective end-to-end transfer rates R eff . Figure   2 (a) shows R eff as a function of r and θ . This map shows two optimal regions for the efficiency of EET across the linear four-site model near θ = 0, r = 11.3Å and θ = 0.3π, r = 10.8Å , of which the intra-pair distances are clearly smaller than the equally-spaced value (r = 13.4Å). This indicates that dimerized clusters offer enhanced transfer rates. For the optimal region at θ = 0, the effective transfer rate increases to a maximum value as the distance is decreased to r = 11.3Å from the equally-spaced value. As the distance is further decreased, the rate of energy transfer quickly decreases. This suggests that EET between the donor pair and the acceptor pair becomes crucial as the inter-pair distance becomes large.
The enhanced EET efficiency at dimerized geometries can be attributed to improved energy matching between donor and acceptor states due to increased intra-pair electronic couplings. As illustrated in Scheme 1(b), the exciton delocalization in the donor and acceptor pairs can shift eigen-energies and reduce the energy gap between the lower-energy donor state and higher-energy acceptor state. When combined with rapid coherent equilibration of energy among the donor states, the enhanced energy matching leads to more efficient EET from the donor to the acceptor. Note that a classical sequential hopping picture of EET such as the Förster theory predicts that the equallyspaced geometry would give rise to the optimal end-to-end EET efficiency because otherwise the slowest step would limit the transfer rate. What we have revealed here is an intrinsically quantum mechanical mechanism based on energy tuning due to exciton delocalization that gives rise to enhanced EET efficiency of a non-trivial dimerized geometry. We remark that the precise optimal geometry for EET depends on how the electronic couplings between sites are calculated. In our model, we assume dipole-dipole interactions, which may not be valid in the short-distance regime.
Nevertheless, more accurate estimations of electronic couplings should not change the prediction that dimerized clusters will give rise to enhanced EET efficiency in this particular geometry.
Regarding the dependence of R eff on θ , the situation becomes more complicated. In addition to the region around θ = 0 (parallel transition dipoles), there exists the other optimal region around θ = 0.3π in Fig. 2(a) . These two regions are separated by a minimum R eff around θ ≃ 0.2π.
To elucidate the orientational effects, we plot the magnitudes of the nearest-neighbor electronic couplings, J 12 , J 23 , and J 34 , as a function of θ in Fig. 3 . There, J 34 remains constant because the orientations of the two acceptor dipoles are fixed. In contrast, J 23 slowly and monotonically decreases to zero as θ increases from 0 to 0.5π, while the dipoles of sites 2 and 3 change from a parallel orientation to a perpendicular orientation. Moreover, J 12 not only changes its magnitude significantly but also its sign at θ ≃ 0.2π, giving rise to a negligible J 12 around θ = 0.2π. As a result of the vanishing J 12 , energy transfer is strongly suppressed at θ ≃ 0.2π, leading to the local minimum of R eff in Fig. 2(a) . Clearly, the optimal region at θ = 0.3π is an interplay of the increase in the donor intra-pair coupling (J 12 ) and decrease in the inter-pair coupling (J 23 ) as θ passes 0.2π. Finally, it is intriguing to note that the redistribution of transition dipoles due to electronic coherence also plays a minor role in the optimal region at θ = 0.3π, since the geometry corresponds to EET from a J-aggregate dimer to an H-aggregate dimer, indicating that enhanced transition dipole in the lower-energy state of the donor (J-type) and the higher-energy state of the acceptor (H-type) could further enhance the rate of donor-to-acceptor EET. Note that because J 12 < 0 for θ > 0.2π, the donor pair forms an H-aggregate when θ < 0.2π, and becomes a J-aggregate for θ > 0.2π. Figure 2 (a) maps out the geometrical control factors of the effective transfer rate for the foursite model. What is the EET mechanism responsible for the geometrical dependence of EET efficiency? Does coherent evolution play a significant role in the optimal geometries? Can we establish a simple EET picture that accurately describes the dynamics in the broad parameter range covered in Fig. 2(a) ? To answer these questions and elucidate the key mechanisms of EET in the four-site model, we consider EET in the system as a cascade energy relaxation involving three sub-processes (Scheme 1(b)): |ε 1 → |ε 2 , |ε 2 → |ε 3 , and |ε 3 → |ε 4 .
Due to the strong electronic coupling between the donor sites, there are significant populations distributed on both |ε 1 and |ε 2 when site 1 is initially excited. Therefore, two dominant energy relaxation pathways should be considered: |ε 1 → |ε 2 → |ε 3 and |ε 2 → |ε 3 → |ε 4 . The two relaxation processes compete with each other and the overall transfer time is determined by the slower one that is rate-determining. Consequently, if we assume the transfer proceed through exciton states in a sequential manner in the exciton basis, then the time required to complete the overall transfer process can be calculated from the rates of each individual steps:
where R ′ 21 , R ′ 32 , and R ′ 43 correspond to state-to-state EET rates of |ε 1 → |ε 2 , |ε 2 → |ε 3 , and |ε 3 → |ε 4 , respectively. As a result, we can estimate the effective transfer rate as
To calculate the three relevant EET rates, R ′ 21 , R ′ 32 , and R ′ 43 , we opt for a combined modifiedRedfield and generalized Förster approach. 43 Because of the relatively-strong dipole-dipole interactions within the donor and acceptor pairs, we calculate intra-pair transfer rates R ′ 21 and R ′ 43 using the CMRT approach. On the other hand, due to the relatively weak inter-pair dipole-dipole interactions, the transfer rate from the donor to acceptor, R ′ 32 , is calculated by the multi-chromophoric Förster resonance energy transfer (MC-FRET) theory. 50 As a result, we describe the EET processes in the dimerized four-site system as rapid relaxation within the respective donor and acceptor pairs described by CMRT and slower incoherent hopping of exciton from donor to acceptor described by the MC-FRET. We then use the calculated EET rates to estimate the effective transfer rate by Eq. (5) (see Appendix V in the Supporting Information).
The estimated rates are presented in Fig. 2(b) . The excellent agreement of the estimated results to Fig. 2(a) , which is obtained from full dynamical simulations, indicates that the combined CMRT/MC-FRET mechanism provides an excellent picture to describe the EET dynamics in the four-site model. We thus arrive at the conclusion that instead of the time-consuming full simulation of quantum dynamics, we could efficiently estimate the effective efficiency of the complete EET process by the combined CMRT/MC-FRET picture. Furthermore, in the analysis based on the combined CMRT/MC-FRET picture, eigenstates of the donor pair are used as the initial states for calculating the overall transfer rate determined by the slower process in the two-pathway model (Appendix V in the Supporting Information). Therefore, the excellent agreement between Fig.   2 (a) and Fig. 2(b) also indicates that although a localized initial state is used for propagating population dynamics by the combined CMRT-NMQT approach, the optimal geometries do not depend on such an initial preparation. In addition, since the estimated transfer rate is calculated from a purely incoherent picture of energy relaxation in the delocalized exciton basis, the result indicates that coherence evolution does not play a significant role in the optimization of EET efficiency in this system. Note that this is likely related to the model system chosen here because coherent dynamics only contribute to rapid equilibrium within the donor pair and have negligible effects on the donor-to-acceptor EET process probed by the effective transfer rate. The coherently wired EET between long-distance pairs of pigments observed in photosynthetic complexes from marine cryptophytes 9, 31 shows that the coherent dynamics could play an additional role in the optimization of EET efficiency. However, in this work we only investigate how to use geometrical factors to exploit exciton delocalization for enhanced EET efficiency. It will be interesting to investigate geometries that can take advantage of coherent evolution in the future work.
Finally, what are the geometrical factors governing efficient EET in natural photosynthetic systems? Are the coherence-assisted principles revealed here applicable to the chlorophyll arrangements in photosynthetic complexes? Our calculations based on the four-site model suggest a rapid EET can be achieved by (1) employing an energy bias towards the target site to create directional energy flow and (2) forming strongly coupled clusters to create exciton delocalization and tune exciton energies for better energy matching between the donor and acceptor cluster states.
It is a common observation that natural photosynthetic complexes often exhibit moderate energy bias and clusters of chromophores, 4, 15, 32 which are fully consistent with our results. Moreover, the coherence-assisted energy tuning and energy bias clearly play crucial roles in the rapid EET in bacterial light-harvesting systems 22, 25, 27 and the long-range coherent energy transfer in cryptophytes. 32, 42 In particular, the dimerization in the B850 ring of the light-harvesting system 2 (LH2) from purple bacteria leads to the spreading of the energy levels of the B850 states, which enables rapid energy transfer from B800 to upper B850 states. 51 In the following we apply the two principles to shed light on the construction of the effective exciton Hamiltonian of the FMO complex from green sulfur bacteria.
Pathway I Site Energy 
(1) 52 Each of the two EET pathways is composed of a donor dimer and an acceptor dimer, similar to the four-site model studied in this work.
The FMO complex exhibits remarkable energy transfer efficiency that has become the subject of intensive research. 11, 21, 23, 52, 53 Figure 4 (a) shows the pigment arrangement in a monomeric subunit of the FMO complex. FMO contains 7 bacteriochlorophylls (BChls), and its function is to conduct energy from the baseplate (close to BChls 1 and 6) to the reaction center (close to BChl 3). Therefore, it is conceivable that an energy gradient should exist to direct the energy flow from one end of the complex to the other end. Indeed, effective Hamiltonian models that were obtained from spectral fitting 52, 54 and quantum chemistry calculations 55 all indicate that BChl 3 has the lowest transition energy, BChls 1, 2, 5, and 6 have higher energies, and the energies of BChls 4 and 7 are set in between (Fig. 4(b) ). Clearly, the site energies in FMO are tuned to form an energy funnel towards the reaction center. Noticeably, the energy of BChl 3 is significantly lower than all other sites. The large energy gap could support a highly localized exciton state and prevent back transfer, effectively generating a higher thermal population of excitation energy on BChl 3 for more efficiency EET to the reaction center. Thus, the site energies of BChls in FMO are fully consistent with the energy bias principle for enhancing EET efficiency.
In addition to site energies, electronic couplings can be varied by geometrical dimerization to improve energy matching of exciton states for efficient EET, and this is exactly the case in FMO.
The Pathway I shown in Fig. 4(b) clearly illustrates the similarity to the dimerization scheme shown in Scheme 1(b). There, BChls 5 and 6 are dimerized, and so are BChls 4 and 7, leading to large intra-pair electronic couplings (i.e. large J 56 and J 47 ) and delocalized excitations. As a result of the exciton delocalization caused by the enhanced couplings, energy gap between the lower-energy exciton state of the BChls 5-6 dimer (donor) and the higher-energy exciton state of the BChls 4-7 dimer (acceptor) is reduced, which leads to increased spectral overlap and enhanced EET rate from the donor to the acceptor according to MC-FRET. For the intra-pair transfer, although the energy gap between two exciton states is increased, the energy transfer can still be rapid because intra-pair energy relaxation between delocalized states follow the CMRT mechanism, which mainly depends on the spatial overlap of exciton states. 3, 37 Similar mechanism can be used to describe Pathway II, explaining the two primary EET pathways as have been revealed by 2D electronic spectroscopy. 52, 53 We argue that energy bias and exciton delocalization could account for the > 90% quantum efficiency of FMO, while tuning of vibrational environment (spectral density) and coherent evolution may provide efficiency optimization. 11, 14, 16, 21, 24, 34, 35 In other words, we have made clear two key underlying principles for the design of the effective Hamiltonian of FMO, and the control through spatial arrangements of BChls is apparent.
In summary, we have investigated the optimal spatial arrangements of chromophores for EET in a linear four-site model mimicking a coherent light-harvesting system. Based on combined CMRT-NMQT numerical simulations of EET dynamics, the geometrical factors affecting the endto-end EET rate are investigated, and it is discovered that the effective transfer rate is maximized if the donor and acceptor sites are respectively dimerized in this given topology. Moreover, we also demonstrated that the dipole orientation angle θ also plays an important role in the EET efficiency. This result is interesting and non-trivial because a classical approach such as the Förster resonance energy transfer theory would predict that an equally spaced linear geometry should give rise to optimal end-to-end transfer rate. Our analysis reveals that in contrast exciton delocalization contributes crucially to the optimization of energy transfer efficiency. We conclude that coherenceassisted energy tuning based on geometrical control of inter-chromophore electronic couplings provides a useful means to enhance EET efficiency. Furthermore, it is already well known that a biased energy funnel to direct energy flow towards the target site also plays an important role for constructing efficient light-harvesting systems. 4 Based on these rules, the Hamiltonian of FMO is analyzed, and it is shown that the spatial arrangement of the 7 BChls in combination with the site energy gradient favor efficient EET from the baseplate to the reaction center. In addition, we argue that FMO also makes use of exciton delocalization and dimerized BChl arrangements to optimize energy transfer. Although we have only investigated a simple linear system with small geometrical degrees of freedom, these principles could be generalized to larger systems. In Appendix VI in the Supporting Information, energy transfer in a ring-shape six-site model is investigated to demonstrate that without an exception, clustered geometries also lead to optimal EET in such a non-linear topology. Therefore, we believe the basic principles revealed in this work may be generalized to larger molecular networks and benefit the future innovation of efficient artificial light-harvesting materials. Note that homogeneous systems such as chlorosome or B850 rings of LH2 from purple bacteria belong to a different class of systems, in which additional symmetryrelated rules might play more prominent roles in the optimization of EET rate. 28, 56, 57 Finally, because we focus on the long-time dynamics in this work, the short-time coherent dynamics are overlooked, and an in depth investigation of the coherent evolution effects and geometrical factors might provide additional optimization rules for light harvesting. 4, 32 In this regard we believe the combined CMRT-NMQT approach should provide a powerful theoretical tool for seeking optimal design of both natural and artificial light-harvesting systems, since it yields accurate and efficient numerical simulations of coherent quantum dynamics for large excitonic systems.
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